Introduction 20
The fossil fuels are finite resources and their mass consumption has significant impacts on 21 our environment and society. For these reasons, fatty acid methyl ester (FAME) is being used as an 22 alternative diesel fuel produced by transesterification of triglyceride, a main component of plant oil, 23 with methanol. Because FAME is renewable fuel containing no aromatics and sulfur, it can reduce 24 exhaust emissions [1, 2] . However, FAME has some drawbacks caused by the difference in chemical 25 structure from petroleum diesel, for example, corrosiveness against certain types of rubber and metal 26
[3] and poor oxidation stability due to unsaturated double bonds [1] [2] [3] [4] . To overcome such drawbacks, 27 hydrocarbon productions from plant oils with the hydrotreating and catalytic cracking are being 28 researched worldwide [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . 29
The hydrotreatment of plant oils was usually studied in the temperature range between 350 30 and 450 ºC under the pressure between 4 and 15 MPa with H 2 and a catalyst [5] [6] [7] [8] [9] [10] [11] [12] [13] . As a catalyst, for 31 example, sulfided CoMo and NiMo supported on SiO 2 , Al 2 O 3 , ZrO 2 , TiO 2 and zeolites were used [5] [6] [7] [8] [9] [10] [11] . 32
Under the hydrotreating reaction, first, double bonds in fatty acid moieties of triglyceride are 33 hydrogenated into saturated C-C bonds, followed by the cleavage of ester linkages to produce one 34 molecule of propane and three molecules of saturated fatty acids [6, 12] . The obtained saturated fatty 35 acids are then deoxidized into hydrocarbons having carbon numbers mainly between 15 and 18 through 36 hydrodeoxygenation, decarbonylation and decarboxylation [8, 13] . This reaction also produces 37
i-paraffin and naphthene through isomerization and cyclization of olefin intermediates, which 38 4 contributes to improving the cold-flow properties. In addition, CO, CO 2 , H 2 O and propane are 39 produced as byproducts [6] . 40
On the other hand, the catalytic cracking of plant oils was usually carried out in the 41 temperature range between 300 and 500 ºC under atmospheric pressure with zeolites, Al 2 O 3 and MgO 42 as a catalyst [14] [15] [16] [17] , under which the thermal decomposition is predominant. First, triglycerides are 43 decomposed to fatty acids, ketones, aldehydes and esters [18] . These products undergo secondary 44 cracking to form short and long chain paraffins and olefins with CO, CO 2 , H 2 O and alcohols by 45 breaking C-O and C-C bonds via decarboxylation and decarbonylation. However, this process makes 46 various hydrocarbons having wide range of carbon numbers with olefins and aromatics. 47 7
Decarboxylation 92
For subsequent decarboxylation, approximately 0.9 g of the obtained saturated fatty acids and 93 0.05 -0.45 g of Pd/C were placed into the 5 ml reaction vessel with Hastelloy balls. The inside of the 94 reaction vessel was then purged and pressurized with N 2 or H 2 gas to be 1 MPa which is a favorable 95 pressure for decarboxylation reaction [26]. The decarboxylation was, then, conducted with the molten 96 salt bath at 300 ºC for 120 min, which is an appropriate condition reported by Lestari et al. [27] , and 97 quenched into the water bath in the same way mentioned above. After the reaction, the obtained 98 products dissolved in THF were taken out from the vessel, sonicated for 30 min, and the catalyst was 99 removed with the filter paper. After removing THF by the evaporator, the decarboxylated products were 100 obtained to determine its yield. To clarify the decarboxylation reaction of the saturated fatty acid, 101 palmitic acid, stearic acid and arachidic acid (all being guaranteed reagent grade from Nacalai Tesque, 102
Inc.) were also studied. 103 104
Analytical methods 105
The fatty acid composition of rapeseed oil used in this work was determined in accordance 106 with the Japan Oil Chemists' Society standard method [28] . The products, obtained from 107 hydrolysis/hydrogenation and subsequent decarboxylation, were analyzed by gel permeation 108 chromatography (GPC, Shimadzu Co. LC-10VP system, column: GF-310 HQ (Showa Denko K.K.), 109 oven temperature: 40 ºC, mobile phase: THF, flow-rate: 1.0 ml/min, detector: refractive index detector 110 8 RID-10A) and high performance liquid chromatography (HPLC, column: Cadenza CD-C18 (Imtakt 111
Co.), oven temperature: 40 ºC, mobile phase: methanol, flow-rate: 1.0ml/min, detector: RID-10A). By 112 the GPC analysis, the obtained products from hydrolysis/hydrogenation can be separated into four 113 peaks, which correspond to the groups of triglycerides, diglycerides, monoglycerides and fatty acids. 114
The amount of each group was quantified based on the corresponding peak area, using tristearin, 115 1,3-distearin, 1-monostearin (all being >99% grade from Olbracht Serdary Research Laboratories) and 116 stearic acid (guaranteed reagent grade from Nacalai Tesque, Inc.) as calibration standards. The HPLC 117 analysis, by which fatty acids can be separated into single ones, was then conducted to quantify the 118 amount of each fatty acid. In this way, the yields of the products were determined in mol%. The 119 obtained product from the decarboxylation reaction was also quantified in a similar manner. 120
The fuel properties of the renewable diesel were evaluated for flash point, pour point, cold 121 filter plugging point, kinematic viscosity and density as in Table 2 . In addition, the renewable diesel 122 was blended in various ratios with fossil diesel (#1 diesel of the Japanese Industrial Standard (JIS), 123 purchased from SHOWA SHELL SEKIYU K.K.), and their fuel properties were also evaluated. From the above, an appropriate reaction time for hydrolysis/hydrogenation was found to be 154 60 min at the given conditions. Based on the HPLC and GPC analyses, the yield of the products from 155 rapeseed oil was determined as shown in Table 1 . Triglycerides in rapeseed oil were converted into 156 saturated fatty acids and their yield was summed up to be 96.1 (= 4.5 + 89.7 + 1.9) mol%. In addition, 157 2.3 mol % of glycerides still remained as intermediate compounds. Finally, the total yield of fatty acids 158 and glycerides was 98.4 mol% and any other products were not observed in the HPLC chart. In 159 addition, no gaseous products were produced and saturated fatty acids are stable under the given 160 condition. Thus, no product decomposition would be occurred. Therefore, the rest of 1.6 mol% would 161 probably be lost through the purification steps. By excluding the lost portion, the molar ratio upon the 162 obtained products basis was shown in parenthesis in Table 1 With regard to the amount of water, on the other hand, 1.0 g of rapeseed oil was hydrolyzed 167 with 3.0 g of water. Thus, the weight ratio of water/rapeseed oil was 3.0/1.0 for Table 1 and Fig. 2.  168 However, when its ratio decreased from 3.0/1.0 to 1.0/1.0, the yield of saturated fatty acids decreased 169 from 97.7 mol% to 77.2 mol% due to the insufficient hydrolysis of glycerides and fatty acids under the 170 same reaction condition. From these results, it was concluded that an appropriate 171 hydrolysis/hydrogenation condition is 270 ºC/ 5 MPa (H 2 ) with 3.0 g of water and 0.05 g of Pd/C for 172 1.0 g of rapeseed oil. 173 174
Decarboxylation 175
As a preliminary experiment, the effect of atmospheric gas (N 2 or H 2 ) was investigated on 176 decarboxylation reaction by using stearic acid as a model compound. When N 2 gas was used, no 177 conversion was observed at the conditions of 300 ºC/ 1 MPa/ 0.05 g of Pd/C for 120 min. In the case of 178 H 2 gas, on the other hand, 16.3 mol% of n-heptadecane was obtained at the same condition. Although 179 H 2 is not essentially required by the decarboxylation reaction, it keeps the catalyst activity [32, 33] . 180
Actually, some researchers have reported that an efficient decarboxylation was observed in the presence 181 of H 2 [19, 33, 34] . Therefore, H 2 gas was used in the following experiments. 182
Moreover, decarboxylation reaction was carried out for 0.9 g of stearic acid as a model 183 compound to determine an appropriate amount of the catalyst at the conditions of 300 ºC/ 1 MPa (H 2 ) 184 for 120 min. When the two different amounts of Pd/C were studied to be 0.05 and 0.25 g, incomplete12 conversions were found respectively to be 16.3 and 26.1 mol% from stearic acid into n-heptadecane. 186
On the other hand, 90.3 mol% of n-heptadecane was achieved with 0.45 g of Pd/C. Therefore, it was 187 concluded that 0.45 g of Pd/C is required for the efficient decarboxylation of 0.9 g of fatty acid at the 188 given conditions. In general, decarboxylation of fatty acids proceeds in three phases, gaseous H 2 , liquid 189 fatty acids and a solid catalyst, in which the mutual accessibility is an important factor. Based on the HPLC and GPC analyses, the yields of hydrocarbons were determined as shown 203
in Table 1 . The total yield of hydrocarbons was 91.5 mol% and any other products were not observed. 204
Since hydrocarbons are stable enough under the given condition, no decomposition of the products can 205 be occurred. Therefore, the rest of 8.5 mol% would probably be lost through the purification steps. The 206 loss of the products would be caused by using a large amount of catalyst, on which the products were 207 adsorbed. The molar ratio upon the obtained hydrocarbon basis was shown in parenthesis in Table 1 . As 208 a result, the molar ratio of obtained n-pentadecane, n-heptadecane and n-nonadecane was found out to 209 be 4.5 : 93.6 : 1.9. This molar ratio is nearly close to the one of saturated fatty acids (C 16:0 : C 18:0 : C 20:0 210 = 4.6 : 91.2 : 1.9 in Table 1 ) obtained after hydrolysis/hydrogenation. Therefore, these saturated fatty 211 acids seem to be selectively converted without any side reaction into the corresponding hydrocarbons 212 through decarboxylation. In case of unsaturated fatty acids, however, various side reactions such as 213 hydrogenation, dehydrogenation, cyclization, ketonization, dimerization and cracking have been 214
reported to occur concurrently due to the unstable double bonds present [35, 36] , which lead to 215 decrease the degree of the specific production of hydrocarbons. Therefore, unsaturated fatty acids 216 should be converted into saturated ones before decarboxylation to maintain its high selectivity. For this 217 specificity, the process shown in Fig. 1 is appropriate and promising. 218
After hydrolysis/hydrogenation, 2.3 mol% of glycerides such as monoglycerides and 219 diglycerides still remain as shown in Table 1 . However, these intermediate compounds are disappeared 220 after decarboxylation, and converted into hydrocarbons. Actually, when 1-monostearin was treated at 221 the same condition, it was converted into n-heptadecane by decarboxylation treatment with H 2 gas and 222
Pd/C catalyst even though the reactivity was slightly low, compared with saturated fatty acids. 223 14 Therefore, the remaining glycerides must be converted to saturated fatty acids during decarboxylation 224
treatment. 225
The iodine and acid values of the obtained hydrocarbons from rapeseed oil were evaluated 226 and found out to be zero. This means that the obtained products have neither double bonds nor fatty 227 acids. It is, therefore, evident that hydrogenation and decarboxylation reactions are successfully 228 completed during the process. 229 230
Fuel properties of saturated hydrocarbons 231
It is very important to evaluate the fuel properties of the renewable diesel. However, the 232 prepared renewable diesel is not sufficient in amount to test the fuel properties. As in Table 1, it  233 consists of the saturated linear hydrocarbons of n-pentadecane, n-heptadecane and n-nonadecane in a 234 molar ratio of 4.5 : 93.6 : 1.9. In addition, it was confirmed that such a mixture does not contain any 235 contaminants. Therefore, a mixture of these three kinds of hydrocarbons was prepared from their 236 chemicals purchased as the renewable diesel and evaluated for the fuel properties. 237 Table 2 shows the evaluated fuel properties of the mixtures of renewable diesel with #1 fossil 238 diesel in various ratios. In case of 100 vol% renewable diesel, it has a higher flash point than that of the 239 fossil diesel (0 vol% renewable diesel in Table 2 ), and satisfies the specification standard of the fossil 240 diesel in Japan (JIS K2204) [37] . Such a property should be originated from n-heptadecane, a main 241 component of the fuel, which has a relatively high boiling point among the hydrocarbons in petroleum 242 15 diesel. In addition, the values of kinematic viscosity and density also satisfy the requirements for the 243 Japanese diesel standard. These values are also close to the ones of n-heptadecane. On the other hand, 244 the cold-flow properties such as pour point and cold filter plugging point are poor due to the presence 245 of saturated linear hydrocarbons, because these have relatively high melting points, especially in case 246 of n-heptadecane. Therefore, the cold-flow properties should be improved to meet the fossil diesel 247 standard. Blending the renewable diesel with fossil one is a simple way for this purpose. In case of 20 248 vol% renewable diesel, as shown in Table 2 , the pour point and cold filter plugging point are improved, 249 and thus, it can satisfy the requirements for the fuel standard. However, when the ratio of renewable 250 diesel is increased to be 30 vol%, the pour point exceeds the limit of the standard. From such a reason, 251 the blending ratio would be limited up to around 20 vol% to meet all requirements of the specification 252 standard in Table 2 . This further indicates that the obtained hydrocarbons through this process can be 253 used as renewable diesel by blending with fossil diesel. 254 255
Concluding Remarks 256
To produce hydrocarbons from plant oil as renewable diesel fuel, the conventional 257 hydrotreating and catalytic cracking processes are not really specific for the products selectivity due to 258 unsaturated double bonds. In this study, therefore, the process composed of hydrolysis/hydrogenation 259 and subsequent decarboxylation was proposed. In the first treatment, triglycerides in rapeseed oil were 260 converted into saturated fatty acids through hydrolysis in hot-compressed water and simultaneous 261 hydrogenolysis under the presence of Pd/C catalyst and H 2 gas. In the second treatment, the obtained 262 saturated fatty acids were decarboxylated into the corresponding hydrocarbons under the presence of 263 Pd/C. In this process, unsaturated double bonds in fatty acid moieties, which lead to various side 264 reactions, were hydrogenated into saturated ones prior to the second treatment. Therefore, the selective 265 conversion was achieved by this two-step treatment without any side reaction. As a result, the 266 composition of the obtained hydrocarbons corresponded to the fatty acid composition of rapeseed oil. *1: The renewable diesel is prepared by mixing pure hydrocarbons with the same molar ratio as in Table 1 .
*2: Renewable diesel 0 vol% corresponds to fossil diesel 100 vol%.
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